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Abstract

The retina is considered to be the most metabolically active tissue in the body. However, the link
between energy metabolism and retinal inflammation, as incited by microbial infection such as
endophthalmitis remains unexplored. In this study, using a mouse model of Staphylococcus aureus
(SA) endophthalmitis, we demonstrate that the activity (phosphorylation) of AMP-activated
protein kinase alpha (AMPKa), a cellular energy sensor, and its endogenous substrate; acetyl-CoA
carboxylase (ACC) is downregulated in the SA-infected retina. Intravitreal administration of an
AMPK activator, 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) restored AMPKa
and ACC phosphorylation. AICAR treatment reduced both the bacterial burden and intraocular
inflammation in SA-infected eyes by inhibiting NF-xB and MAP kinases (p38 and JNK)
signaling. The anti-inflammatory effects of AICAR were diminished in eyes pretreated with
AMPK inhibitor, Compound C. The bioenergetics (Seahorse) analysis of SA-infected microglia
and bone marrow-derived macrophages (BMDM) revealed an increase in glycolysis, which was
reinstated by AICAR treatment. AICAR also reduced the expression of SA-induced glycolytic
genes, including hexokinase 2 (HK2), and glucose transporter 1 (Glutl) in microglia, BMDM, and
the mouse retina. Interestingly, AICAR treatment enhanced the bacterial phagocytic and
intracellular killing activities of cultured microglia, macrophages, and neutrophils. Furthermore,
AMPKal global knockout mice exhibited increased susceptibility towards SA endophthalmitis, as
evidenced by increased inflammatory mediators and bacterial burden and reduced retinal function.
Together, these findings provide the first evidence that AMPK activation promotes retinal innate
defense in endophthalmitis by modulating energy metabolism, and that it can be targeted
therapeutically to treat ocular infections.
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INTRODUCTION

Bacterial endophthalmitis remains a potentially blinding complication of ocular surgeries
(Callegan et al., 2007). The incidence of bacterial endophthalmitis has risen steadily over the
last two decades, predominantly due to the increased popularity of sutureless cataract
surgery, small-gauge vitrectomy, and multiple intravitreal (IVT) injections for the treatment
of age-related macular degeneration (AMD) and diabetic retinopathy (Hanscom, 1996,
Campbell et al., 2010). Despite therapeutic and surgical interventions, most cases of
endophthalmitis result in partial or complete loss of vision. One of the hallmarks of bacterial
endophthalmitis is increased intraocular inflammation culminating to retinal tissue damage
(Kumar et al., 2010). Since, the visual properties of the eyes are highly sensitive to
inflammation-mediated damage, a rapid resolution of inflammation is critical in minimizing
retinal damage in endophthalmitis (Kumar et a/., 2013). Thus investigating the mechanisms
underlying inflammation initiation and resolution may provide novel therapeutic targets for
the prevention and/or treatment of bacterial endophthalmitis.

Considering the complexity of host-pathogen interactions (Park et al., 2013c), we recently
performed transcriptome analysis of S. aureus-infected mouse retina (Rajamani et al., 2016)
and observed that the major pathways impacted in endophthalmitis includes: metabolism,
inflammatory/immune, antimicrobial, cell trafficking, and lipid biosynthesis. Among the
metabolic pathways, AMPK signaling was the most significantly affected. Similar to
transcriptome analysis, the metabolic profiling, commonly referred to as metabolomics, has
also attracted significant interest in various diseases, as it holds great promise in formulating
a systems-level interpretation of biological events at the cellular or tissue levels (Isobe et al.,
2014, Suhre, 2014, Yin et al., 2015). Indeed, our recent metabolomics studies led to the
identification of resolvin D1 (RvD1) as an endogenous metabolite possessing drug-like
properties, whose therapeutic efficacy was tested in preclinical mouse models of multiple
sclerosis (Poisson et al., 2015). Similarly, we performed the global metabolomics on
Staphylococcus aureus (SA)-infected mouse retina and discovered that the pathways
involved in energy metabolism were significantly altered, as evidenced by a decrease in the
enzymes of the TCA cycle and oxidative phosphorylation (unpublished data). Since both
transcriptome (Rajamani et al., 2016) and metabolomics analysis implicated metabolic
regulation of innate responses in bacterial endophthalmitis, we decided to investigate the
role of AMPK, a multi-substrate protein kinase which plays a central role in regulating
various metabolic processes by switching off glycolysis, fatty acid synthesis, and
gluconeogenesis, and switching on oxidative phosphorylation (Hardie ef a/., 1998, Hardie et
al., 2006).

AMPK is a critical intermediate in the control of fundamental cellular processes such as
growth, proliferation, and survival (Bijland et a/., 2013, Dandapani et al., 2013).
Additionally, AMPK orchestrates multiple signaling pathways controlling nutrient uptake
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and energy metabolism (Grahame Hardie, 2014). In response to energy-depletion signals
(i.e. a higher AMP/ATP ratio), AMPK balances energy consumption by inhibiting energy/
ATP-consuming pathways and activating the compensatory energy/ATP-producing
processes. In addition to the traditional role of AMPK in energy metabolism, several studies
have indicated a pivotal role of AMPK in immune regulation (Sag et a/., 2008, Viollet et al.,
2010, Lin et al., 2014). Using AMPK activators (5-aminoimidazole-4-carboxamide-1-p-D-
ribofuranoside, AICAR) and inhibitors (Compound C) (Corton et al., 1995, Zhou et al.,
2001), there is now ample evidence that AMPK1a, through its signaling network, suppress
inflammation (Salt et a/., 2012, Palomer et al., 2013). The activation of AMPK1a by
AICAR has been found to decrease inflammation in acute and chronic colitis (Bai et al.,
2010a), cystic fibrosis (Myerburg et al., 2010), and autoimmune encephalomyelitis (Nath et
al., 2005), and the pro-inflammatory state following lung injury (Zhao et al., 2008).
Similarly, the therapeutic potential of AICAR has been evaluated in some ocular diseases,
including retinoblastoma (Theodoropoulou et a/., 2010), diabetic retinopathy (Kubota et al.,
2011), endotoxin-induced uveitis (Suzuki et al., 2011), and dry eye (Sung et al., 2015)
experimental models. Despite these beneficial effects of AMPK activation in various
inflammatory diseases, very few studies have investigated its role in infectious diseases, and
studies related to ocular infection are almost nonexistent.

Since increased intraocular inflammation is linked to retinal tissue damage in
endophthalmitis, we hypothesized that AICAR might exert protective effects on bacterial
endophthalmitis via modulating the anti-inflammatory activities of AMPK signaling. Here,
we demonstrate that AICAR exerted therapeutic effects and improved the outcome of S.
aureus endophthalmitis in a murine model of the disease. The protective effects of AICAR
were mediated, at least in part, by the downregulation of inflammatory mediators and
enhanced bacterial phagocytosis. To our knowledge, this is the first report to show the role of
AMPK activation in ocular infections, opening a new avenue for the treatment of infectious
endophthalmitis.

AMPKa phosphorylation is reduced in S. aureus-infected mouse retina

Previous studies have shown that AMPK activation alleviates inflammation (O’Neill et al.,
2013), while increased inflammatory cytokines promote the dephosphorylation, and hence
inactivation, of AMPK activity (Giri et al., 2004, Nath et al., 2005, Nath et a/., 2009a,
Gauthier et al., 2011). To determine how AMPK activity is modulated in bacterial
endophthalmitis, we assessed the phosphorylation state of AMPKa in S. aureus-infected
mouse neuroretina. Western blot analysis revealed that although the total level of AMPK is
increased in the infected vs. uninfected (PBS) retina, the active (phosphorylated) form of
AMPK is decreased (Fig. 1A), as evidenced by reduced levels of phospho(p)- AMPKa at
24, 48, and 72h post-infection (Fig. 1B). Consistent with the downregulation of p-AMPKa,
the phosphorylation of ACC, a substrate of AMPKa., was also decreased drastically (Fig. 1
A & B). As the phosphorylation of ACC is an important downstream target of AMPKa
activation (Hardie et al., 2012), this data suggests that AMPK signaling is impaired in
bacterial endophthalmitis.
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AICAR treatment reduced bacterial load and attenuated the inflammation in S. aureus-
infected eyes

We next investigated the /n vivo effects of AICAR, a pharmacological activator of AMPK.
First, unexpectedly, we observed that intravitreal administration of AICAR following S.
aureus infection, significantly reduced bacterial burden at the 24, 48, and 72h time points
(Fig. 2A). Moreover, AICAR treatment was found to modulate inflammatory mediators as
assessed by ELISA. As expected, S. aureus induced the production of IL-1p, TNF-a., and
IL-6 in comparison with PBS-injected control eyes (Fig. 2B-D). The levels of all cytokines
peaked at 24h, except for TNF-a. (48h), followed by a time-dependent decline. In contrast,
S. aureus-infected eyes treated with AICAR showed significant reduction in all
inflammatory mediators at tested time points. Next we sought to determine whether the
observed /in vivo effects of AICAR treatment are due to increased AMPK activity, which is
downregulated in endophthalmitis (Fig.1). Indeed, our data showed that AICAR treatment
significantly restored the AMPKa phosphorylation/activity (Fig. 2E). A similar effect of
AICAR treatment was observed in restoring the partial levels of p-ACC in S. aureus-infected
retina (Fig. 2F).

Although, AICAR reinstated AMPK phosphorylation in the inflamed retina and reduced
inflammatory cytokines, some studies suggest that AICAR can exert anti-inflammatory
effects independent of AMPK activation (Lanner et al., 2012, Ying et al., 2013, Quan et al.,
2015). To test this, eyes were pre-injected with Compound C, an AMPK inhibitor, followed
by S. aureus challenge and AICAR treatment. We observed that the pre-treatment of eyes
with Compound C reversed the anti-inflammatory effects of AICAR, as evidenced by higher
or even exacerbated (TNF-a) levels of pro-inflammatory cytokines (Fig. 3). Together, these
results indicate that the anti-inflammatory effects of AICAR in endophthalmitis are
mediated through AMPK signalling.

AICAR inhibits S. aureus-induced NF-kB and MAP Kinase signaling and inflammatory
mediators production

The anti-inflammatory properties of AICAR-mediated AMPK activation have been
attributed to its ability to inhibit NF-xB activation (Peairs et al., 2009, Katerelos et al., 2010,
Salminen et al., 2011, Guo et al., 2014), a universal player in orchestrating inflammatory
responses, including that of ocular infections (Kumar et a/., 2004, Kumar et al., 2007, Kumar
et al., 2012). To determine whether AICAR treatment influences NF-xB and other MAP
Kinase signaling pathways in endophthalmitis, Western blot analysis was performed on
retinal lysate of AICAR-treated and untreated eyes. As expected, S. aureus infection
increased the activation of NF-xB, as evidenced by increased phosphorylation of IxB and
corresponding decreases in total 1xB levels. Similarly, S. aureus induced the activation of
other MAP Kinases (i.e., phosphorylation of p38 and JNK) in the mouse retina, and these
responses were significantly attenuated in eyes treated with AICAR (Fig. 4 A & B). A
similar observation was made under /n vitro conditions using microglial cells challenged
with S. aureus (Fig. 4C & D).

To further confirm the consequences of attenuated NF-xB signaling, the production of
inflammatory cytokines was assessed in the residential (microglia) and infiltrating cells
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(macrophage and PMNSs). As shown in figure 5, AICAR treatment significantly attenuated S.
aureus-incited production of TNF-a, IL-6, and MIP-2 in BV2 microglia (Fig. 5A),
macrophage (Fig. 5B), and PMNs (Fig. 5C). These findings provide the evidence that
AICAR exerts inhibitory effects on the inflammatory response of retinal glial and infiltrated
cells.

Bioenergetics analysis of S. aureus-challenged microglia and macrophage revealed
glycolysis as the major source of energy

To determine, how the retina/retinal cells withdraw energy in response to microbial
infection, currently not known, we performed the bioenergetics profile of S. aureus-infected
BV2 microglia and BMDM. We utilized an extracellular flux analyzer (Seahorse
Bioscience), which allows for the simultaneous assay of glycolysis intermediates in real-
time by measuring extracellular acidification rate (ECAR). The Seahorse analysis of S.
aureus-challenged BV2 microglia revealed increased ECAR, while AICAR treatment was
found to reduce ECAR (Fig. 6A), indicating glycolysis as the major source of energy in
bacterial infection. Although S. aureus alone in culture media (i.e. without in contact with
cells) did not contribute significantly towards measured ECAR, to distinguish between the
bacterial metabolism and the eukaryotic metabolism, the experiment was repeated using
heat-killed S. aureus (HKSA). To this end, our data showed that similar to live S. aureus,
HKSA challenge increased ECAR in BV2 cells and the presence of AICAR reduced ECAR
levels (Fig. 6B). However, it should be noted that ECAR levels (absolute value) were much
higher in live S. aureus versus HKSA infected cells. These findings were further confirmed
by gPCR analysis, which revealed the increased expression of glycolytic enzymes,
hexokinase 2 (HK2), and glucose transporter 1 (Glutl) in the S. aureus-infected BV2 cells
and their downregulation by AICAR treatment (Fig. 6C). Similarly, AICAR treatment
reduced the expression of HK2 and Glutl in S. aureus-infected mouse retinas (Fig. 6D).

To determine whether the bacterial-induced glycolytic response is cells specific,
bioenergetics analysis was performed in mouse BMDM challenged with both live (Fig. 7A)
and HKSA (Fig. 7B). BMDM exhibited similar trend as BV2 cells i.e. induction of ECAR
and its downregulation by AICAR treatment including the reduced expression of HK2 and
Glutl (Fig. 7C). Collectively, this data indicates that AICAR reduces glycolysis, an energy-
consuming pathway, in microglia and macrophages.

AICAR treatment increases phagocytosis and intracellular killing of S. aureus in microglia,
macrophages and neutrophils

Our /n vivo studies showed that AICAR treatment reduces the bacterial burden (Fig. 2C),
suggesting the potential role of AMPK activation in pathogen clearance in the eye. To
determine the underlying mechanism (s) of this activity, we propose that AMPK signaling
enhances the antibacterial properties of innate immune cells such as microglia, macrophages
and neutrophils (Bae et al., 2011, Park et al., 2013a). To this end, our data showed that
AICAR treatment enhances the phagocytic activity of microglia, as evidenced by the
increased presence of CFSE-labelled S. aureus within the cells and their decreased presence
following pretreatment with Compound C (Fig. 8A). The bacterial count assay revealed a
significantly higher number of intracellular S. aureus after 2 h of incubation in AICAR-
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treated vs. control untreated microglia, indicating increased bacterial uptake or phagocytosis
(Fig. 8B). However, the total number of bacteria inside and outside of the cells was found to
be reduced following treatment with AICAR indicating the bacterial killing efficacy of
AMPK activation, which was decreased by Compound C treatment (Fig. 8B). Similarly,
AICAR treatment increased the phagocytic activity and bacterial killing ability of BMDM
(Fig. 8C) and PMNs (Fig. 8D).

AMPKal KO mice exhibited increased bacterial burden and inflammatory mediators

Our previous results suggest that AICAR-mediated AMPK activation in the retina dampens
pathogen-induced inflammatory responses, and induces a protective innate response,
including enhanced phagocytosis. Thus, we hypothesized that the loss of AMPK will
exacerbate inflammation and worsen the disease outcome. Our lab and others have reported
that an infective dose of 5000 CFU/eye results in massive inflammation and retinal tissue
damage (Engelbert et al.,, 2005, Whiston et al., 2008, Talreja et al., 2015), whereas eyes
challenged with 500 CFU of S. aureus recover within 96h. Therefore, we propose that
AMPK1a KO mice could be susceptible to endophthalmitis with a lower infective dose.
Indeed, we observed that the bacterial burden was significantly higher in AMPKa1 KO vs.
WT eyes at 24, 48, and 72h post-infection (Fig. 9A). Retinal function analysis, as
determined by ERG, revealed a transient decline in the amplitude of a-and b-waves by 24 to
48h in WT eyes, which returned to ~70% by 72 h. In contrast, eyes of AMPKal KO mice
exhibited a rapid decline in both waves by 24 h, and eventually a loss of measurable retinal
function by 48h with slight recovery at 72h (Fig. 9B). Analysis of inflammatory mediators
showed similar trends with significantly higher levels of IL-18, TNF-a, and IL-6 in the eyes
of AMPKal KO mice as compared to WT mice at all-time points (Fig. 9C). Collectively,
these results show that the loss of AMPKalsignaling increases the severity of bacterial
endophthalmitis.

DISCUSSION

Bacterial endophthalmitis is an inflammatory disease of the eye and is, in part, mediated by
the retinal innate response to infection (Singh et a/., 2014b, Talreja et al., 2014, Parkunan et
al., 2015). The current standard of care involves the intravitreal injection of antibiotics,
which, while inhibiting bacterial growth, do little to suppress ongoing inflammation
(Callegan et al., 2007, Pandey et al., 2013). Therefore, the identification of novel targets for
the development of new anti-inflammatory therapeutics is needed, which may be used to
treat endophthalmitis alone or in combination with antibiotics. In this study, we show
AICAR to be a novel immunomodulatory agent with beneficial effects on the course of
retinal infection. In a murine model of S. aureus endophthalmitis, treatment with AICAR
after infection significantly attenuated intraocular inflammation, as well as reduced the
bacterial burden in the eyes. Analysis of the mechanism(s) mediating AICAR’s anti-
inflammatory effects revealed that it restored lost AMPK activity in the infected retina and
inhibited NF-kB and MAP kinase signaling. Furthermore, AICAR treatment reduced the
activity of the energy-consuming glycolytic pathway, and enhanced the bactericidal activity
of retinal microglia and macrophages. Thus, AICAR may be used as an anti-inflammatory
agent in the case of endophthalmitis and other ocular infections.
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Although inflammation is necessary to defend the host against invading pathogens, the
retina, being an immune-privileged tissue, is exquisitely sensitive to inflammation-mediated
damage if inflammation persists (Shamsuddin et a/.,, 2011, Kochan et al., 2012, Kumar et al.,
2013, Kumar et al., 2015). We previously reported that in the retina, these early
inflammatory responses are generated by retinal Muller glia (Kumar et a/., 2012, Singh et
al., 2014a) and microglia (Kumar et a/., 2010, Kochan ef a/., 2012) via Toll-like receptor
(TLR) signaling. This is followed by the profound recruitment of inflammatory cells,
particularly myeloid cells, such as neutrophils and monocytes/macrophages (Ravindranath et
al., 1995, Giese et al., 1998). As the ongoing inflammatory cell infiltration could
dramatically shift retinal metabolism, causing tissue damage and visual cycle malfunction,
we hypothesized that the altered activity of AMPK, a master regulator of cellular
metabolism, may be involved in the pathogenesis of bacterial endophthalmitis. Indeed, our
data show that the phosphorylation of AMPK is reduced in the infected retina at the early
(24h) stages of infection and remained downregulated during the entire course of the
infection, up to 96h (data not shown for 96h). This finding is consistent with the previous
studies demonstrating the downregulation of phospho-AMPK under various inflammatory
conditions (Viollet et al., 2010), including retinal inflammatory diseases (Hyttinen et al.,
2011, Kubota et al., 2011, Kamoshita ef a/., 2014). In endophthalmitis, the increased
production of predominantly pro-inflammatory cytokines such as TNF-a, IL-1p, and IL-6
(Fig. 2) may have led to reduced AMPK activity, as shown in LPS-challenged neutrophils
(Zhao et al., 2008) and macrophages (Jeong et al., 2009). Together, our findings suggest that
AMPK may be a promising pharmacologic target for the treatment of bacterial
endophthalmitis.

In an attempt to restore lost AMPK activity in the infected retina, we utilized a widely used
AMPK activator, AICAR, and administered it to the mice via intraperitoneal and intravitreal
routes. Interestingly, in contrast to LPS- (Kamoshita ef a/., 2014) or diabetes-induced retinal
inflammation (Kubota et a/., 2011) studies, we observed no significant difference in the level
of intraocular inflammation in the treatment vs. control groups when AICAR was given
intraperitoneally (data not shown). However, the intravitreal administration of AICAR
following infection resulted in the activation (phosphorylation) of AMPK in the retina and
drastically reduced S. aureus-induced inflammatory mediators. These data indicate that the
localized delivery of anti-inflammatory agents may be more effective when treating acute
retinal inflammation, whereas systemic administration may be used for chronic
inflammation, as in the case of uveitis, diabetic retinopathy, or AMD. As intravitreal
injection remains the primary route for the delivery of therapeutic modalities in retinal
diseases (Peyman et al., 2011), including the administration of antibiotics in bacterial
endophthalmitis (Callegan et a/., 2007), our mode of AICAR delivery can be justified to
regulatory bodies such as the US Food and Drug Administration (FDA). Moreover, the
intraocular administration of AICAR may not have serious systemic effects on energy
metabolism, as may be the case with the intraperitoneal route.

AICAR has been shown to attenuate the progression of disease in various /77 vivo models of
inflammation, including a mouse lung injury model (Zhao et a/., 2008), a murine colitis
model (Bai et al., 2010b), a model of autoimmune encephalomyelitis (Prasad et a/., 2006).
Although the protective effects of AICAR have been attributed to its anti-inflammatory and
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anti-cancer properties, the underlying cellular signaling cascade is not fully understood.
However, it is well known that AICAR’s effect on AMPK activity plays an important role.
Therefore, research on the anti-inflammatory effects of AICAR-induced AMPK activation
remains an important area of investigation (Salt et a/,, 2012, Scheen et al., 2015). However,
only a few studies have explored the therapeutic potential of AICAR in ocular diseases. In
our study, using the inhibitory Compound C, we demonstrate that the protective effects of
AICAR in bacterial endophthalmitis are mediated through AMPKa. This finding was
further supported by our data showing increased susceptibility and intraocular inflammation
in AMPK1a KO mice. To investigate the molecular mechanisms underlying the anti-
inflammatory effects of AMPK activation in endophthalmitis, we examined the ability of
AICAR to attenuate the activation of NF-xB and other MAPKSs (p38 and JNK), the key
inflammatory signaling cascade. We found that AICAR significantly inhibited S. aureus-
induced degradation of IxBa and other MAPKSs in the mouse retina and also decreased the
nuclear translocation of NF-xB in cultured microglial cells (Figure 10). Taken together, our
study is the first to show the role of AICAR-mediated AMPK activation in innate defense
against bacterial infection in the retina.

One of the most notable observations in our study was that AMPKa activation (by AICAR
treatment) reduced bacterial burden in the eyes of wild-type mice. Similarly, the loss of
AMPKa promoted bacterial growth in the eyes. As the clearance of pathogens and the
removal of apoptotic cells is critical for the resolution of inflammation (Bae et a/., 2010,
Yang et al., 2010, Donnelly et al., 2012), we focused on evaluating the antibacterial
properties of AICAR. Since AMPKa activation has been shown to enhance the phagocytic
activity of microglia, macrophages and neutrophils, including the uptake of bacteria (Bae et
al., 2011, Park et al., 2013a), we reasoned that AICAR would stimulate retinal microglia and
may increase their phagocytic activity towards bacteria, as reported in our recent study
(Kochan et al., 2012). Our data showed that AICAR pretreatment of microglia,
macrophages, and neutrophils enhanced their ability to phagocytose and kill S. aureus, and
that Compound C treatment reduced this effect. These findings indicate that AICAR-
mediated AMPK activation augments the antibacterial properties of retinal innate immune
cells and that this could be the underlying mechanism of increased pathogen clearance in
AICAR-treated eyes. Although the BV-2 cell line has been extensively used to represent
brain microglial cells (Stansley et al., 2012), a recent study by Butovsky et al while
investigating TGF-B—dependent molecular and functional signature of microglia revealed
that BV-2 cells express a macrophage-like signature rather an adult microglial signature
(Butovsky et al., 2014). Our rationale to use BV-2 cells was based on our prior study
(Kochan et al., 2012), where we demonstrate that both BV2 cells and the primary retinal
microglia respond similarly to S. aureus challenge. However, in view of this studies, further
investigation involving depletion of retinal microglial using genetic (Wang et a/., 2016) or
pharmacological (Kataoka et al., 2011, Ferrer-Martin et al., 2015) models, is needed to
determine the role of AMPK-signaling in this cell type.

In the retina, the glial cells constitute the frontline cells of innate immunity. Upon sensing
the invading pathogens via pattern recognition receptors (e.g., TLRs), these cells shift their
phenotype from a quiescent/resting state to a highly activated state. This response is
accompanied by the activation of multiple intracellular signaling cascades, resulting in the
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production of mediators with antimicrobial, chemotactic, and inflammatory functions. As
expected, developing and maintaining this activated phenotype is considerably energy
demanding, as it requires that nutrients such as glucose, fatty acids, and amino acids be
degraded into various metabolic intermediates, thereby providing the cell with a constant
supply of energy (ATP) (energy surplus, low AMP/ATP ratio) (Fox et al., 2005). Therefore,
there is a growing interest in investigating the interplay between cellular metabolic pathways
and immune response signaling. Several studies have demonstrated that cells of the myeloid
lineage (i.e., PMNs, monocytes/macrophages, and dendritic cells) derive their energy almost
exclusively from glycolysis, whereas the lymphocytes (T and B cells) predominantly use
oxidative phosphorylation (Fox et al., 2005, Kramer et al., 2014). In this study, bioenergetics
analysis of microglia and macrophages (both myeloid-derived cells) in response to S. aureus
challenge revealed increased ECAR, suggesting glycolysis as the source of energy in
activated retinal microglia and infiltrating macrophages. However, we observed some
discrepancy in ECAR measurements, for example, BV2 cells infected with live S. aureus
exhibited higher (2 fold) ECAR levels compared to those challenged with HKSA. As our
recent study (Kumar et a/., 2015) demonstrate that live S. aureus evoked higher
inflammatory response than HKSA, we reasoned that higher ECAR values could be due to
1) increased virulence of the live bacteria inducing more lactate secretion by host cells
and/or 2) higher basal ECAR levels of BV2 cells (data not shown). Similarly, we could not
explain the observed differences in ECAR levels of BV2 versus BMDM other than BV-2
being an immortalized and BMDM as primary cells. Regardless, AICAR treatment was
found to inhibit the expression of major glycolytic enzymes and reduce ECAR, indicating
the potential role of AICAR-mediated AMPK1a activation in switching energy metabolism
from glycolysis to oxidative phosphorylation. Considering the fact that TLR signaling plays
an important role in the pathogenesis of bacterial endophthalmitis and that TLR activation
has been implicated in the metabolic reprogramming of DCs and macrophages (Krawczyk et
al., 2010, Tannahill et al., 2013, Cortese et al., 2014), further studies are warranted to
establish this link in our model. Similarly, several other important topics that need to be
addressed include: 1) How the metabolic shift occurs in the inflammatory vs. the resolution
phase of the disease and 2) AMPK activation has been shown to switch the phenotype of
monocytes/macrophages from M1 (pro-inflammatory) to M2 (anti-inflammatory) (Mounier
etal., 2013, Li et al., 2015) and this macrophage phenotype switching and its role has not
been studied in the pathogenesis of bacterial endophthalmitis.

In summary, our study describes an essential role of AMPK in regulating the retinal innate
response to microbial infection by modulating both residential (glial) and infiltrating cells
such as neutrophils and macrophages (Fig. 10). Further studies using bone-marrow chimeric
mouse or myeloid specific ablation of AMPK are warranted to dissect the /n vivorole of
AMPK-signaling in glial versus infiltrating innate cells in bacterial endophthalmitis.
Considering the safe use of AICAR in clinical trials (Cuthbertson et al., 2007, Boon et al.,
2008), our study implies that AICAR may have a therapeutic potential not only in the
treatment of human endophthalmitis, but in other infectious diseases too. Moreover, based
on these findings, we propose that the modulation of energy metabolism of retinal residential
or infiltrated myeloid cells via AMPK signaling might represent a novel therapeutic strategy
in mitigating endophthalmitis-associated vision loss.
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EXPERIMENTAL PROCEDURES

Animals

Female C57BL/6 (aged ~8 weeks) mice obtained from the Jackson Laboratory were
maintained in the DLAR facility of the Kresge Eye Institute. AMPKa1 knockout (KO) mice
(B6/129 background) (Nath et a/., 2009b) were kindly provided by Dr. Shailendra Giri,
Department of Neurology, Henry Ford Hospital, Detroit, MI. Animals were provided free
access to water and standard laboratory chow and maintained in a 12h light/dark cycle at
22°C temperature. All procedures were conducted in compliance with the ARVO statement
for the Use of Animals in Ophthalmic and Vision Research, and were approved by the
Institutional Animal Care and Use Committee (IACUC).

Microglia cell culture

In vitro experiments were performed using a BV2 mouse microglia cell line, as described in
our earlier studies (Kumar et a/., 2010, Kochan et al., 2012) and were provided by V.
Bocchini (University of Perugia, Italy). Cells were cultured in a humidified 5% CO»
incubator at 37°C in low-glucose DMEM containing 5% FBS and a penicillin-streptomycin
cocktail (Invitrogen, Carlshad, CA, USA). Before treatment, media was replaced with
antibiotic-free and serum-free DMEM for 18 h (growth factor starvation). At the indicated
time points (shown in figures), conditioned media was assayed ELISA for cytokine/
chemokine production measurement, and cells were processed either for protein or RNA
extraction, as described in following sections.

Generation of bone marrow derived macrophage (BMDM) and neutrophil

BMDM and neutrophils (PMNs) were isolated as described previously (Swamydas et al.,
2013). Briefly, mice were euthanized and bone marrow cells were flushed from femurs and
tibias with RPMI media containing 10% FBS and 0.2 mM EDTA. For RBC lysis, a
hypotonic solution of 0.2% NaCl was added for 20 sec., followed by 1.6% NaCl. After
centrifugation at 1400 rpm for 7 min., the cells were rinsed with RPMI media as shown
above. For macrophage isolation, cells were resuspended in RPMI supplemented with 10%
FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin, counted, and cultured at 37°C in 5%
CO»_ For neutrophil extraction, cells were mixed in 1 ml PBS and placed over the histopaque
gradient of 1119 and 1077 followed by centrifugation at 25°C for 30 min. without
interruption. The layer between histopaques 1119 and 1077 was collected and washed two
times with RPMI media at 1400 rpm for 7 min and cultured as described for macrophages.

Induction of endophthalmitis and AICAR treatment

During our experiments, the mice were anesthetized by intraperitoneal injection of ketamin/
xylazine (ketamin, 100-125 mg/kg; xylazine, 10-12.5 mg/kg). Endophthalmitis was induced
by intravitreal injections of S. aureus (strain RN 6390) using a 32-G needle attached to a 10
ul glass syringe (Hamilton, Reno, USA) under a dissecting microscope. In the treatment
group, AICAR (Toronto Research Chemicals, Ontario, Canada) was injected intravitreally
(30 pgleye) 12h after S. aureus infection. In the control group, eyes received same volume (2
ul) of PBS (vehicle) injection. In all experiments, only one eye (left) was used to induce
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endophthalmitis and/or AICAR treatment whereas the right eyes served as uninfected
control in the same animal. The detailed experimental procedure is described in our previous
studies (Kumar et al., 2010, Kochan et al., 2012, Kumar et al., 2015, Talreja et al., 2015).
Retinal function was determined by scotopic electroretinogram (ERG), as described in our
previous study (Kumar et af., 2010, Kumar et al., 2015).

Immunoblotting

For Western blot analysis, neuroretina (without RPE and choroid) from eyes were pooled
(two retinas per sample) and processed in the RIPA lysis buffer. Protein concentration was
measured using a protein estimation kit (Thermoscientific, MA) according to the
manufacturer’s instructions. Following incubation, BV2 microglia cells were also lysed
using radioimmunoprecipitation (RIPA) lysis buffer (Sigma Aldrich, St. Louis, USA). The
denatured proteins were resolved by 8% or 12% SDS-polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membrane (0.45 pm) (Bio-Rad, Harcules, CA) followed
by incubation with anti-phospho (Thr 172)-AMPKa, anti-phospho acetyl-CoA carboxylase
(Ser-79) (ACC), anti-AMPKa. (Cell signaling Technology, Beverly, MA), anti-phospho I1kB
(Cell signaling Technology, Boston, MA), anti-phospho JNK (Santa Cruz Biotechnology,
Santa Cruz, CA), anti-phospho p38 (Cell signaling Technology, Boston, MA), and anti-1kB
(Santa Cruz Biotechnology, Santa Cruz, CA) with a dilution of 1:1000, and anti-B-actin
(Santa Cruz Biotechnology, Santa Cruz, CA) with a dilution of 1:4000. The secondary
antibodies used in the study were goat anti-rabbit-lgG-HRP (Bio-Rad, Harcules, CA) and
rabbit anti-mouse-IgG-HRP (Bio-Rad, Harcules, CA). To visualize the protein bands, the
membranes were exposed to Supersignal West Femto chemiluminescent substrate (Thermo
scientific, Rockford, IL). For semi-quantitative analysis, immunodetected protein band
intensities were measured using ImageJ software (Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, http://rsb.info.nih.gov/ij/, 1997-2009).

Bacterial load determination and Enzyme-linked immunosorbent assay (ELISA)

Following infection, at the indicated time points, the mice were euthanized, their eyes were
enucleated, and whole-eye lysates were made in 250 ul of PBS using tissue lyser. A small
portion (50 pl) of the lysate was used to enumerate bacterial load by serial plate dilution.
The rest of the lysate was used for the protein determination and ELISA assay to measure /n
vivo levels of cytokines and chemokines. For /n vitro studies, culture supernatant of S.
aureus-challenged cells (BV2, PMNs and macrophage) was used for ELISA detection of
TNF-a, IL-1B, IL-6 (BD biosciences, San Diego, CA, USA), and MIP2 and KC (R & D
systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. All of the
values are expressed as mean + standard deviations (SD).

Bioenergetics analysis

Seahorse Bioscience XFe 96 Extracellular Flux Analyzer (Seahorse Bioscience, North
Billerica, MA, USA) was used to monitor extracellular acidification rate (ECAR) in BV2
microglia cells and BMDM. Briefly, BV2 cells (3 x 10% cells/well) and BMDM (5 x 10%
cells/well) were seeded to in a XFe 96-well cell culture microplate (seahorse Bioscience) in
200 pul of DMEM and incubated overnight (14-16h) at 37°C in 5% CO,. After treatment of
the cells (as described in figures 6 & 7 legends), growth medium was removed, the wells
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were washed two times, and 175 pl of bicarbonate free glycolysis stress test media with
glutamine (pre-warmed at 37°C) was added to each well. The cells were then incubated at
37°C for 1h. ECAR was measured by adding glucose (10 uM), oligomycin (2 pM) and 2-
deoxyglucose (2-DG) (100 uM) to the indicated final concentrations using the included ports
on the XFe 96 cartridges. The data obtained were normalized with cell number counts, as
described previously (Tebbe et al., 2014).

Real-time (RT) PCR

Retinas were removed and pooled (two retinas per sample) for RNA isolation in TRIzol
solution (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions.
RNA was reversed transcribed to cDNA using a cDNA synthesis kit (Superscript, Invitrogen
Carlsbad, CA, USA). Quantitative assessment of gene expression was carried out by
Sybergreen based real time PCR using specific primers on a StepOne Plus Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). The data was analyzed using the
27AACt method.

Fluorescent labeling of S. aureus and phagocytosis

For intracellular visualization, S. aureus (RN 6390) was labelled with CFDA/SE using the
method described by Vander Top E. et. al. (Vander Top et al., 2006). For the phagocytosis
assay, BV2 microglia cells (108 cells/well), macrophage and neutrophils (1x 106 cells/well)
were grown in small (60 mm) Petri dishes containing DMEM medium (10% FBS and 1%
penicillin/streptomycin). The next day, the cells were infected with S. aureus (MOI 10:1) in
each well and incubated for two hours. The cells were then washed and treated with
gentamicin (200 ug/ml) for another two hours to kill all extracellular and/or adherent
bacteria. To confirm the absence of extracellular bacteria, the supernatant was cultured on
Tryptic Soy Agar (TSA) plates. The cells were rinsed three times with PBS and lysed with
0.1% Triton X-100. The lysed cells were scraped, collected, and centrifuged at 5,000 x g for
five minutes. The cell pellet was washed with PBS and centrifuged at 5,000 x g twice for
five minutes. The pellets were then re-suspended in 1 ml of sterile PBS, and serial ten-fold
dilutions were prepared. Afterwards, the dilutions were plated on TSA plates and incubated
overnight at 37°C. The following day, the colonies present on the TSA plates were counted,
and counts were expressed in CFU/ml. To examine the killing activity of AICAR, cells were
challenged with S. aureus for 2h with or without AICAR/Compound C treatment. After 2h,
cells were lysed with 0.1% Triton X-100 and serially diluted in PBS followed by plating on
the TSA plates for bacterial enumeration.

Statistical analysis

Graphpad Prism software was used for the data analysis and to plot the graphs. All plots
represent the mean value = SD. Statistical significance was assessed using the Student’s t-
test and one-way ANOVA.
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Figure 1. Bacterial endophthalmitis reduced AMPK phosphorylation in the retina
Endophthalmitis was induced by inoculation of S. aureus (RN6390, 5000 cfu) in the eyes of

C57BL/6 mice (n = 6/time point). At the indicated time points (except PBS at 24h), the
retinas were removed from the infected eyes, pooled (two retinas per sample), and sonicated
to make retinal lysates. Following protein quantification, the retinal lysates were used for
Western blot detection of total AMPK, phospho(p)-AMPK, and phospho(p)-ACC (A).
Antibodies against total AMPK and p-actin were used to normalize protein loading. For
quantification, the band intensities were measured using imageJ software and the percentage
reduction of p-AMPK and p-ACC in infected samples were calculated with respect to the
ratio of p-AMPK/AMPK and p-ACC/B-actin in PBS controls set at 100%, respectively. The
data shown are representative of three independent experiments (B). Statistical analysis was
performed by using one-way ANOVA with Dunnett’s post-hoc test. * p< 0.05, ** p< 0.001,
*** p<0.0001.
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Figure 2. Intravitreal injection of AICAR reduced bacterial load and inflammatory mediators in
S. aureus-infected eyes

After 12h of S. aureus infection (5000 cfu/eye), the eyes of C57BL/6 mice (n=6) were
treated with AICAR (30 pg/eye, delivered intravitreally in 2ul volume) and mice were
sacrificed at 24, 48, and 72h post AICAR treatment. Control eyes received same volume of
PBS (vehicle used to dissolve AICAR). Enucleated eyes were crushed in sterile PBS and
used for bacterial enumeration (A), and the same lysate was used for quantitation of
indicated inflammatory mediators using ELISA (B-D). In another experiment, pooled
retinas from two eyes with or without AICAR, treatments (24h time point) were used for
Western blot and quantification of p-AMPK (E), and p-ACC (F), as described in Fig. 1
legend. The data shown are mean + SD of three independent experiments. Statistical analysis
was performed using Student’s t-test by comparing S. aureus infected samples with or
without AICAR treatment.* p < 0.05, ** p< 0.001, *** p< 0.0001.
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Figure 3. The anti-inflammatory effects of AICAR in bacterial endophthalmitis are mediated via
AMPK activation

The eyes of C57BL/6 mice (n=6) were pretreated via intravitreal injection of AMPK
inhibitor, Compound C (Comp C) or PBS (vehicle) control. After 12h of pretreatment, eyes
of Comp C pretreated and two PBS groups were infected with S. aureus (5000 cfu/eye) and
12h post-bacterial challenge, AICAR was injected in Comp C treated and one PBS treated
group. All mice were sacrificed after 24h of AICAR treatment, eyes were enucleated and
whole eye lysates were subjected to TNF-a,, IL-1p and IL-6 ELISA. Each data point
represents mean + SD, and the results are cumulative of two independent experiments.
Statistical analysis was performed using one-way ANOVA with Bonferroni’s multiple-
comparison test. * p< 0.05, *** p< 0.0001;
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Figure 4. AICAR treatment inhibited S. aureus-induced NF-kB, p38, and JNK signaling in the
mouse retina and microglia cells

Retinal lysates from S. aureus-infected eyes with or without AICAR treatment (30 pg/eye,
24h) (described in Fig. 2 legend) were subjected to Western blot analysis with antibodies
against phospho-1xB-a (p-1xB-a), phospho-p38 (p-p38), phospho-JNK (p-IJNK), and I«B-
a (IxB-a). Antibodies against non-phosphorylated p38 and JNK, and p-actin were used to
normalize sample loading (A & B). BV2 microglia cells were plated in 6 well plate (1x 10°
cells/well) and treated with AICAR (1mM) one hour before S. aureus infection for 8h. Cells
supernatant was removed, and cells were used for Western blot analysis for the above
indicated proteins (C & D). The results shown are representative of two independent
experiments. The optical densities of the bands were quantified using imageJ and fold
changes was calculated. Statistical analysis was performed by using One-Way ANOVA with
Bonferroni’s multiple-comparison test. * p< 0.05, ** p< 0.001, *** p< 0.0001.
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Figure 5. AICAR treatment diminished S. aureus-induced inflammatory mediators in microglia,
macrophages and neutrophils

Cultured BV2 mouse microglia (A), bone marrow derived macrophages (B) and neutrophils
(C) were plated in 6 well plate (1x 108 cells/well) (n = 6/condition), and treated with
AICAR (1mM) one hour before S. aureus infection (MOI 10:1) for 8 h. Culture supernatant
was used to quantify the expression of the indicated cytokines by using ELISA. Each data
point represents the mean + SD and the results are representative of at least two independent
experiments. Statistical analysis was performed between SA alone and SA+AICAR.
Statistical analysis was performed using one-way ANOVA with Bonferroni’s multiple-
comparison test ** p< 0.001, *** P< (0.0001.
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Figure 6. S. aureus-infected microglia and retinal tissue showed increased glycolysis and AICAR
treatment inhibited this response
BV?2 cells (3 x 10 cells/well) were plated in XF9V3-PS 96 cell culture plates (Seahorse

Bioscience) and treated with AICAR (1mM) one hour before challenged with live S. aureus
(MOI 10:1) (A) or HKSA (108 cfu) for 8h (B). The extracellular acidification rate (ECAR)
was measured by the sequential addition of glucose, oligomycin and 2 deoxyglucose (2-
DG). To examine the contribution of bacteria alone in the total response of the cells, live S.
aureus was added in media only. In the another experiment, BV2 mouse microglia cells were
plated in 6 well plate (1x 10 cells/well) and treated with AICAR (1mM) one hour before S.
aureus infection for 8h. Cells were collected, RNA was extracted, cDNA was synthesized,
and gRT-PCR was performed for glycolytic pathway genes HK2 and Glutl and fold changes
were calculated using housekeeping gene GAPDH (C). Eyes of WT (C57BL/6) (n = 5) were
infected with S. aureus (5000 cfu/eye) followed by AICAR treatment (30 pg/eye) for 24h.
Retinas were removed and pooled for RNA extraction. cDNA was prepared, and gPCR was
performed for the glycolytic pathway genes HK2 and Glutl and fold change was calculated
using GAPDH (D). Each data point represents mean + SD (n = 6/condition/experiment), and
results are representative of at least 3 independent experiments. The results represent the
mean + SD of triplicates from three independent experiments. Statistical analysis was
performed using one-way ANOVA with Bonferroni’s multiple-comparison test. * P< 0.05,
** p< 0.001, *** P< 0.0001. HKSA- heat killed S. aureus, HK2 - hexokinase I, GIuT1-
glucose transporter 1, mpH- milli-pH units.
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Figure 7. Bioenergetics analysis of macrophages challenged with S. aureus
Mouse BMDM (5 x 104) were plated in XF9\V/3-PS cell culture plates and treated with

AICAR (1mM) one hour before challenge with S. aureus (MOI 10:1) (A) and HKSA (108
cfu) (B) for 8h. The extracellular acidification rate (ECAR) was measured by the sequential
addition of glucose, oligomycin and 2DG. In a separate experiment, macrophages were
plated in 6 well plate (5x 108 cells/well) and treated with AICAR (1mM) one hour before S.
aureus infection for 8h. Cells were collected, RNA was extracted, cDNA was synthesized,
and qRT PCR was performed for the glycolytic pathway genes HK2 and Glutl and fold
change was calculated using GAPDH (C). Each data point represents mean + SD (n = 6/
condition/experiment), and results are representative of at least 3 independent experiments.
Statistical analysis was performed using one-way ANOVA with Bonferroni’s multiple-
comparison test. *P< 0.05, ***P < 0.0001. HK2 - hexokinase 11, GluT1- glucose transporter
1.
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Figure 8. AICAR treatment increases the phagocytic activity of microglia, macrophages, and
neutrophils

CFSE-labelled S. aureuswas used to challenge the BV2 cells (5 x 10° cells/chamber) (n=4/
condition) cultured in chamber slides under the indicated conditions (i.e., AICAR or
Compound C treatment) for 2h. Stained cells were subjected to fluorescent imaging to
visualize intracellular S. aureus (A). In another experiment, to assess phagocytic activity,
cultured BV2 microglial cells) (B), bone-marrow derived macrophages (C) and neutrophils
(D) were left untreated or treated with AICAR (1mM) and Comp C for one hour prior to S.
aureus challenge (n=4/condition), as described in ‘Materials and Methods’. After 2 h of
bacterial challenge, the cells were washed and kept in fresh medium containing gentamicin
(200 pg/ml). After 2h of incubation, the cells were washed and lysed by using Triton-x
(0.1%). The release of intracellular bacteria was quantitated via serial dilution and plate
count (B, C & D). In the killing assay, cells were incubated with S. aureus for 2h, after
which Triton x (0.1%) was added to the cells. Cells were then serially diluted and plated for
counting (B, C & D). The data points represent the mean + SD of three independent
experiments. Statistical analysis was performed using a one-way ANOVA with Bonferroni’s
multiple-comparison test. * p< 0.05, ** p< 0.001.
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Figure 9. Loss of AMPKa delays resolution of inflammation in S. aureus-infected eyes
The eyes of WT (C57BL/6) (n = 6) and AMPKa KO mice (n=6) were infected with S.

aureus (500 cfu/eye). At the indicated time points, infected eyes were subjected to retinal
function testing by ERG (B), bacterial load estimation (A), and ELISA for pro-inflammatory
cytokines expression for IL-1f, TNF-a, and IL-6 (C) as described in previous figure
legends. The data presented as mean = SD of three independent experiments. Statistical
analysis was performed using Student’s t-test by comparing WT and AMPK KO mice. *p
<0.05, **p <0.001, ***p <0.0001.
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Figure 10. Effect of AICAR treatment in regulating the innate response of retinal residential
(glial) and infiltrating cells in bacterial endophthalmitis

In response to retinal infection, such as bacterial (S. aureus) endophthalmitis, the retinal glial
(microglial and Muller glia) recognize the pathogen in the vitreous chamber via Toll-like
receptors (TLRs, e.g. TLR2). The activated glial cells secrete inflammatory mediators to
recruit myeloid cells such as PMNs and macrophages to combat pathogen invasion (A). In
the current study, we report that AICAR-mediated AMPK activation induces protective
innate responses by affecting both glial and infiltrating innate immune cells. AICAR
treatment was found to downregulate the inflammation, restored Phospho-AMPK levels, and
promoted bacterial clearance via enhanced bacterial phagocytic activity. At molecular levels,
AICAR inhibited bacterial-induced NF-KB and MAPK kinase signaling (B). The downward
arrows indicate decrease whereas upward arrows indicate increase responses.

Cell Microbiol. Author manuscript; available in PMC 2017 December 01.



	Abstract
	INTRODUCTION
	RESULTS
	AMPKα phosphorylation is reduced in S. aureus-infected mouse retina
	AICAR treatment reduced bacterial load and attenuated the inflammation in S. aureus-infected eyes
	AICAR inhibits S. aureus-induced NF-kB and MAP Kinase signaling and inflammatory mediators production
	Bioenergetics analysis of S. aureus-challenged microglia and macrophage revealed glycolysis as the major source of energy
	AICAR treatment increases phagocytosis and intracellular killing of S. aureus in microglia, macrophages and neutrophils
	AMPKα1 KO mice exhibited increased bacterial burden and inflammatory mediators

	DISCUSSION
	EXPERIMENTAL PROCEDURES
	Animals
	Microglia cell culture
	Generation of bone marrow derived macrophage (BMDM) and neutrophil
	Induction of endophthalmitis and AICAR treatment
	Immunoblotting
	Bacterial load determination and Enzyme-linked immunosorbent assay (ELISA)
	Bioenergetics analysis
	Real-time (RT) PCR
	Fluorescent labeling of S. aureus and phagocytosis
	Statistical analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10

